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Abstract 
We have investigated the low temperature magnetic state of Pr0.5Ca0.5CoO3-G with (G=0) by means of resistivity, dc 
magnetization, susceptibility, magnetotransport and neutron diffraction. We find that below the metal-insulator transition (MIT) 
this system can be described as a paramagnetic insulator with dominant ferromagnetic interactions between Co atoms. In this 
regime, it presents a considerable negative magnetoresistance (20%-40%), while above MIT the magnetoresistance is negligible 
or even slightly positive. Neutron diffraction measurements reveal that there is no long-range ferromagnetic (FM) or 
antiferromagnetic (AFM) order. These results are in contradiction with the spin state picture previously drawn for this system.
Keywords: magnetic order, metal- insulator transition, cobaltites, perovskites. 
1. Introduction  
Cobalt oxides are attracting a wide interest for different reasons, including their potential application as mixed 
conductors, materials for solid oxides fuel cells, thermopower applications, room-temperature (RT) ferromagnets, or 
magnetodielectric materials [1–4]. These oxides present complex behavior, magnetoresistance, interesting metal-
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insulator transitions, superconductivity, spin-state transitions, charge order, etc [5–12]. In particular, it is of great 
interest the ability of cobalt ions in perovskite structure to present different spin states (SS) as a function of 
temperature, applied field, pressure and chemical tuning. 
The changes of the spin state of cobalt can take place by two differentiated ways. They can occur smoothly with 
temperature, signaling that the transition between low spin (LS with S=0 and t2g6) and higher SS (intermediate spin, 
IS, with S=1, t2g5eg1; and high spin, HS, with S=2, t2g4eg2) in the case of Co3+ takes place by thermal activation, as in 
LaCoO3 [9,10].  Alternatively, SS changes can take place suddenly, as have been proposed in RBaCo2O5.50 family 
(R=rare earth, Y) at a well defined temperature that is linked to a metal (HS) to insulator (LS) transition [11]. 
Given that a sudden spin state transition has been claimed in Pr0.50Ca0.50CoO3 [12-15], in this paper we have 
investigated its magnetic and magnetotransport properties in the insulating low temperature phase. 
2. Experimental details 
Polycrystalline samples have been prepared by solid state reaction using high purity (>99.99%) Pr6O11, Co3O4
and CaCO3 precursors; the mixture has been first treated at 900 °C to decompose calcium carbonate. The resulting 
powder has been pressed (10 ton) into a rod and heated to 1160 °C under an O2 atmosphere. To reach optimal 
oxygen content, sample was heat treated under high oxygen pressure (900ºC with pO2=200 bar during 14 hours; and 
475ºC with pO2=150 bar during 6 hours).   
The oxygenated material has been examined by x-ray powder diffraction using a Siemens D-5000 diffractometer 
and found to be single phased and free from impurities. Resistivity, magnetotransport and magnetization 
measurements have been done using a PPMS and a SQUID system respectively (Quantum Design) using dc fields. 
Neutron powder-diffraction (NPD) studies have been conducted at the Institute Laue-Langevin (ILL, Grenoble) 
using diffractometers D20 (Ȝ=1.91 Å, high resolution mode) and D2B (Ȝ =1.594 Å) at temperatures ranging from 
10K to RT. We have checked the oxygen content of our sample through the combined Rietveld refinement of D2B 
and D20 data sets collected at 100 K. Refinement of oxygen occupancies did not improve the agreement parameters 
and rendered an oxygen content that confirms the nominal value within experimental errors.  The evaluation of 
ferromagnetic (FM) and antiferromagnetic (AFM) order was carried out by neutron diffraction collected using D1B 
(2.52 Å) and D2B respectively. 
3. Results and discussion 
The dc resistivity (ȡ) measured without field and under an applied field of 9T, in cooling-heating cycles, is 
plotted in figure 1. ȡ(T) shows a sudden drop (on heating) at TMI§75 K as found in previous works [12-16].  Below 
TMI, the resistivity suddenly increases showing a markedly insulating character. This transition presents a certain 
hysteresis in the cooling-heating cycle of about 4 K.  The presence of a strong magnetic field (9T) does not alter the 
behavior of the resistivity significantly.  
In the inset of the figure 1 we show the magnetoresistance (MR=[ȡ(0T)-ȡ(9T)]/ȡ(9T)), which presents a peak 
very near the MIT transition. Below this point (T<TMI), ȡ(T) clearly decreases with the applied field, giving rise to a 
considerable magnetoresistance (20–40) %. But above this point (T>TMI) the resistivity is hardly affected by the 
magnetic field and, in fact, the sign of the magnetoresistance depends on temperature. It becomes positive 
[ȡ(9T)>ȡ(0T)] above T§100 K.  
It has been interpreted, as a widely accepted picture of the electronic changes taking place at the transition, that 
above TMI, the electronic configuration of Co is t2g5 ı*0.5 while below this temperature, Co presents a mixture of 
Co(III) and Co(IV) both in low spin state [12–15]. Besides, our measurements show that above 100 K, an applied 
field of 9 T scarcely affects the resistivity and, in fact, U slightly enlarges with the field. This demonstrates that the 
mobility of itinerant electrons does not depend on the magnetic arrangement of the core spins (t2g5). A first 
consequence of this observation is that the ferromagnetic interactions observed above TMI (TC=+65 K) cannot be 
attributed to double exchange as main mechanism. 
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Figure 1. a) Temperature dependence of the electrical resistivity of Pr0.5Ca0.5CoO3 without applied field and under an applied 
field of 9 T. Measures have been done following a cooling-heating cycle. The inset shows the magnetoresistance. b) Temperature 
dependence of the magnetization (left axis) and inverse susceptibility (right axis) of Pr0.5Ca0.5CoO3.
Moreover, this observation challenges the conduction mechanism and electronic configuration widely accepted 
above TMI. Hund’s-rule exchange coupling of eg electrons with the spin of localized t2g levels is expected to be 
weaker than, for instance, in magnetoresistive manganites. Nonetheless, in the hypothesis of an electronic 
configuration t2g5 ı*0.5, a term v cosT/2 (T being the angle between neighboring core spins) in the hopping 
probability must be present. Looking at the figure 1, we remark that a very strong field (9T) does not drive to any 
reduction in the resistivity above TMI.   
Concerning the insulating phase of Pr0.50Ca0.50CoO3, Co ions are supposed to be in a LS state. Thus, the 
conduction would take place by hopping of t2g electrons from nonmagnetic Co(III) (S=0) to Co(IV) (S= ½) sites. In 
that case (as the departing ion is nonmagnetic) the hopping probability must be (in first approximation) independent 
of the orientation of the moment of the arrival ion. In spite of this, magnetoresistance below TMI takes values ranging 
between 20% and 40%. 
Figure 2 shows the magnetization of Pr0.5Ca0.5CoO3 measured under 5 T of applied field on heating after zero-
field-cool and field-cool processes. A sudden decrease in the magnetization takes place very near TMI. The inverse 
of the dc susceptibility (F-1) is also plotted in figure 2.  Above 100 K F-1(T) follows a linear behavior rendering 
TC=65 K and an effective paramagnetic moment Peff=4.43(2) PB /f.u. Assuming a paramagnetic contribution from Pr 
ions of 3.58PB /Pr, the estimated moment from Co ions is 3.64(3)PB/Co.  
Figure 2. a) M-H cycles collected at low temperatures (2K and 10K). The insets show in detail the low field region at the two 
temperatures b) Fig. 4.  NPD patterns (D2B) at low angles. Inset: integrated intensity vs. temperature (D1B) of the main peaks 
with potential FM contribution that show a flat evolution (ZF).   
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We have further investigated the low temperature magnetic behavior through the M(H) isothermal-hysteresis 
cycles at 10K and at 2K that are plotted in figure 3. The hysteresis loops displayed would indicate a ferromagnetic 
order at these temperatures. However, it is necessary to mention that there is a strong change in the hysteresis loop 
between these two temperatures. The remanence and the coercivity are much larger at 2K (0.37 PB /f.u and 0.0945 T 
mT) than at 10K (0.21 PB/f.u and 0.0042 T). According to these values, FM is rather weak at 10 K. More 
importantly, the first magnetization curve measured at 10K, as can be appreciated in the corresponding inset in 
figure 3, is out of the hysteresis cycle. This strongly indicates that, at this temperature, the weak ferromagnetism is 
induced by the applied field rather than being spontaneous. At 2K first magnetization curve is inside the cycle, 
although the slope near zero field (ZF) is very similar to that at 10K. This denotes that the opening of the cycle 
could be attributed to a freezing of the spin dynamics rather to a change in the magnetic order. 
The fact that the FM signal is induced by the field rather than spontaneous, helps to understand the large 
difference between ZFC and FC branches of M(T). Also to be mentioned is the fact that magnetization does not 
saturate with an applied field of 5T. We interpret this as a consequence of the paramagnetic contribution of Pr ions. 
Another technique we have used to study the magnetic state below TMI is NPD. Figure 4 displays neutron 
diffraction patterns obtained in D2B at 10K, 100K and RT. The fact that no new reflections appear in the low 2T-
region implies the absence of long-range antiferromagnetic order. In the inset of figure 4 we show the evolution of 
the integrated intensities (referred to Pnma setting) of the main reflections to which FM order could contribute. 
Their flat evolution confirms the absence of spontaneous long range FM order down to 2 K. 
4. Summary 
In summary, by means of resistivity, magnetotransport, magnetic measurements and neutron powder diffraction, 
we have studied the low temperature magnetic state of Pr0.50Ca0.50CoO3. We have critically examined our results in 
the framework of the usual picture drawn in previous works, that attribute the origin of this MIT to a change from 
LS states of Co3+ (t2g6 ) and Co4+ (t2g5), below TMI, to a t2g5(V*)0.5 state above TMI.
We have explored the possibility of magnetic order below TMI. Besides the paramagnetic contribution from Pr 
ions, magnetization measurements show some changes decreasing temperature, but no evidences of spontaneous 
ferromagnetic order down to 2K (figure 3). A small ferromagnetic signal is induced by the applied magnetic field. 
In the absence of applied field, neutron diffraction corroborates the lack of long-range magnetic order (both FM 
and AFM) in the insulating state.  
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